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entrance part of the D-path pathway in bovine cytochrome c oxidase. Our models, which are extracted from the
fully reduced and oxidized X-ray structures, include His503 as a protonatable site. We ﬁnd that the protonated
His503with thedeprotonatedAsp91 [H503–Nδ1H+andD91–CγOOγ] aremore energetically favorable thanother
protonation states, [H503–Nδ1 and D91–CγOOH], with an energy difference of about −5 kcal/mol in reduced
case, while the [H503–Nδ1H+ and D91–CγOO−] state is energetically unstable, about +3 kcal/mol higher in
energy in the oxidized case. The local interaction of His503 with the surrounding polar residues is necessary
and sufﬁcient for determining the energetics. The redox-coupled rotation of His503 is found to change the
energetics of the protonation states. We also ﬁnd that this rotation is coupled with the proton transfer from
His503 and Asp91, which leads to the transition between the two different protonation states. This study
suggests that His503 is involved in the proton supply to the D-path as a proton acceptor and that the redox-
controlled proton-transfer-coupled rotation of His503 is a key process for an effective proton supply to the
D-path from water bulk. This article is part of a Special Issue entitled: Allosteric cooperativity in respiratory
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Cytochrome c oxidase (CcO) is the terminal oxidase of cellular
respiration [1,2]. It reduces dioxygen to water, and this reaction is
coupled with proton-pump activity. This enzyme has been the subject
of extensive investigations targeting not only the relationship
between the structure and function [3–8], but also cooperativity
between electron and proton transfer reactions. This interest is based
on ﬁndings from high-resolution X-ray structure investigations
available along with its physiological importance [9–13]. The CcO
X-ray structure investigations have provided with high precision the
information on the relative positions of their amino acid residues.
However, an a posteriori analysis of the X-ray structures is
occasionally needed to reveal the complex mechanisms of the
underlying chemical reactions in proteins. First-principles calcula-
tions have the power to eventually map phenomena onto a ﬁrm basis
in terms of the electronic structures and chemical bonding patterns
[14]. The methods can, therefore, describe new phenomena, for whichconventional physical and chemical pictures cannot be derived simply
from X-ray structures.
In this study, we focus primarily on the entrance part of the one of
three proposed proton transfer pathways: the D-path. This speciﬁc
pathway is suggested to promote the O2 reduction and proton-pump
reaction. The CcO X-ray structures have suggested that the entrance
includes the His503 and Asp91 amino acid residues (Fig. 1). Muta-
genesis studies have shown that Asp91 is the entrance amino acid
residue of the D-path and is involved in proton supply to this pathway
[15]. However, His503 is known to be a conserved amino acid residue
both in bacterial and bovine CcO enzymes [16,17]. Note that the fully
reduced and oxidized bovine CcO X-ray structures have shown the
redox-coupled rotation of the imidazole plane of His503 [12]. More-
over, recent X-ray structural and functional analyses, performed on
the bovine CcO by using Zn2+ and Cd2+ as probes, have shown a
partial inhibition of the O2 reduction process, because of the binding
of Zn2+ and Cd2+ divalent cations to His503 [12]. These results sug-
gest that His503 is involved in proton supply to the D-path. Despite
these experimental ﬁndings, the role of the His503 amino acid residue
at the entrance of the d-path is still far from being understood.
Thepurpose of thiswork is to provide insight into the role ofHis503
at the entrance of the D-path in bovine CcO using ﬁrst-principles
calculations. In particular, we investigate different possible proton-
ation states of the His503 residue during the stage in which an
incoming proton is supplied to the D-path. Furthermore, we analyze
Fig. 1. Schematic representation of the entrance of the D-path in the bovine CcO X-ray structures of the (a) fully reduced state and (b) fully oxidized state. Here and in the following
ﬁgures, the color code for the atoms is gray for C, red for O, blue for N, and yellow for S. The enzymes are shown as the ribbon model. All of the amino acid residues and crystal water
molecules within 10 Å of His503 are shown as balls and sticks. The larger balls represent the side chains of His503 and Asp91 and some of the nearby crystal water molecules.
Distances are measured in units of Å.
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energetics of the protonation states. We also discuss a correlation
between the protonation states and the redox-coupled rotation in
His503. The outcome of the present set of calculations elucidates the
peculiar role of His503. It also shows the importance of its local
environment at the entrance of the D-path in promoting proton
transfer during proton supply to this pathway.
2. Computational details
The reduced and oxidized CcO models used in this study (Fig. 2)
were extracted from the X-ray structures of fully reduced bovine CcO
(PDB ID: 2EIJ) and fully oxidized bovine CcO (PDB ID: 2DYR),
respectively. The reduced CcO model consists of 21 amino acid
residues and 12 crystal water molecules: Thr10, Asn11, His12, Lys13,
Ala89, Pro90, Asp91, Met92, Pro95, Arg96, Arg96, Asn98, Pro501,
Tyr502, His503, Thr504, and Phe505 of subunit I; His6, Met10, Val11,
and Asn12 of subunit III; H2O2077, H2O2078, H2O2079, H2O2080,
H2O2081, H2O2082, H2O2083, H2O2084, H2O2085, H2O2086,
H2O2091, and H2O2094 crystal water molecules. The oxidized CcO
model is composed of the same amino acid residues and crystal water
molecules, but H2O2094 is replaced with H2O2096. To reduce the
computational costs, seven amino acid residues, whose side chains are
far from the active sites, were replaced with Gly: Met92Gly, Pro95Gly,
Arg96Gly, Pro501Gly, and Phe505Ala in subunit I, Met10Gly, and
Val11Gly in subunit III. At the extraction of the CcO model, the
backbone peptide chains were cleaved at the Cα―N and Cα―C bonds
and terminated the ends with H atoms to avoid artiﬁcial effects of the
cleavage on the electronic states near the HOMO–LUMO gap [18,19].
The protonation states of the three residues His12, Lys13 in subunit I,
and His6 in subunit I were set to neutral (deprotonated Nε2 of the
His12 residue and Nδ1 of the His6 residue). This was determined from
direct inspection of their local hydrogen-bonding environments.
Including an additional H+, which corresponds to the uptake of a
proton by the enzyme fromwater bulk, the resultantmodel consists of
268 atoms and has a net charge of Q=0. This ensures that no spurious
Coulomb interactions exist with periodically repeated images of the
simulation cell, because the CcO model is placed in a large triclinic
supercell with primitive translation vectors, a1=(23.34, 11.67, 0),
a2=(0, 29.20, 0), and a3=(0, 10.75, 18.27) in a Cartesian coordinatesystem (Å). Such a size guarantees that our model system is separated
from its periodic image by a minimum distance of 6 Å.
Geometry optimizations were performed on the reduced and
oxidized CcO models using density functional theory (DFT) [20,21].
We used a conjugated gradient procedure until the residual forces
were lower than 1.7 kcal/mol/Å. During the geometry optimization,
the positions of several atoms of the amino acid residues at the
boundaries and O atoms of all the crystal water molecules were ﬁxed
to their X-ray crystallographic positions to emulate the constrained
effects of the protein environment. In the subsequent dynamical
simulations, these atoms were allowed to oscillate around these
positions via bounding harmonic potentials whose force constants
were set in be the interval from 27 to 67 kcal/mol/Å2 according to
their experimental B-factors [12]. First-principles molecular dynamics
simulations were performed on the reduced and oxidized CcOmodels
using the optimized structure as a starting conﬁguration. We worked
in the framework of the DFT-based Car–Parrinello scheme [22], and
used the gradient corrections on the exchange and correlation
functional proposed by Hamprecht, Cohen, Tozer, and Handy
[23]. Valence–core electron interactions are described using the
Troullier–Martins norm-conserving pseudopotentials [24]. Valence
electrons are represented using a plane wave basis set with an energy
cutoff of 70 Ry. The ionic temperature was controlled using velocity
rescaling and kept at 300±40 K. An integration time step of 0.097 fs
and a ﬁctitious electron mass of 400 au ensured a good control of the
conserved quantities and preserve the Born–Oppenheimer adiabati-
city [25,26]. We note that the statistical deviation to the potential
energy for the reduced and oxidized models is about 0.012 kcal/mol
per degree of freedom in the present calculations. The reaction paths
were sampled using a metadynamics approach [27,28] for the
minimal CcO model (see in the next section). We selected either the
torsion angle Cα–Cβ–Cγ–Nδ1 of His503 or the Nδ1–H distance in the
imidazole of His503 as reaction coordinates. These variables represent
all the slowly varying degrees of freedom. The former accounts for the
rotation of the imidazole plane around the Cβ―Cγ bond of His503,
while the latter represent the formation and cleavage of the N―H
bond of His503. The ﬁctitious effective masses, M, and harmonic
coupling constants, k, were both used for the adiabatic decoupling
between the fast and slow degrees of freedom. They were set to be
M=20.0 au and k=0.24 for the rotation reaction, but were set to
Fig. 2. CcO model of the (a) reduced form in the [H503–Nδ1H+ and D91–CγOO−] protonation state, (b) reduced form in the [H503–Nδ1 and D91–CγOOH] protonation state,
(c) oxidized form in the [H503–Nδ1H+ and D91–CγOO−] protonation state, and (d) oxidized form in the [H503–Nδ1 and D91–CγOOH] protonation state. The white balls represent H
atom. Here and in the following ﬁgures, two atoms that satisfy the H-bond criteria, i.e., a distance of 3.4 Å and an angle of 120°, are connected by dashed black lines.
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penalty potential was added every 4.85 fs for the rotation reaction and
every 38.8 fs for the proton-transfer reaction. Its width was set to be
19.5° and 0.07 Å for the ﬁrst and second cases, respectively, and the
height was set to be 0.25 kcal/mol. All of the calculations were
performed using the CPMD code [29].
3. Results and discussion
The X-ray structure of bacterial and bovine CcO has indicated that
a histidine amino acid residue is located at the entrance of the D-path
[16]. In all cases, the histidine residue, His503 in the amino acid
numbering of Bostaurus (His549 in Rhodobacter sphaeroides and
His541 in Paracoccus denitriﬁcans), is situated at the molecular
surface. Although the orientation of the histidine is similar between
the bacterial and bovine CcO, the surrounding environment of the
histidine is different, according to the recent X-ray data (the
resolution is 1.90/1.80 Å for Bos Taurus, 2.15/2.00 Å for Rhodobacter
sphaeroides, 2.25 Å for Paracoccus denitriﬁcans[16]). In the bacterial
CcO, there are no deﬁnite crystal watermolecules around the histidine
with above resolution. On the other hand, it can be seen that in the
fully reduced form of bovine CcO (Fig. 1a), the side chain of His503
forms a hydrogen bond (H-bond) with the one crystal water
molecule, H2O2080 [30], which could be considered a functionally
important water molecule. Indeed, the H2O2080 molecule also formsa H-bond with the side chain of Asp91, which is the entrance amino
acid residue of the D-path [15] that connects with the pathway via
H2O2085. Moreover, the H2O2080 molecule is located at the
intersection of two arrays of crystal water molecules that extend to
the solvent-accessible surface of CcO. Thus, a supplied proton from the
bulk to the D-path is expected to reach the H2O2080 molecule
through one of the two H-bond connected water arrays via a proton
wire mechanism. Our previous calculations have shown that when an
additional H+, which corresponds to the uptake of a proton by the
enzymes from bulk water, is attached to the O atom of the terminal
water molecule, a proton is readily transferred to H2O2080 via the
proton wire mechanism, which can ﬁnally reach Asp91 [31].
Given this situation, we investigated the possibility that His503 can
act as a proton acceptor during proton supply to the D-path. We
determined the energetics of the two different protonation states for the
side chain of His503 in the fully reduced state of bovine CcOwith respect
to those for the side chain of Asp91, because the Asp91 residue has been
considered to be a proton acceptor during the proton supply stage [15].
We considered two cases; one in which a protonated imidazole ring of
His503 ([H503–Nδ1H+]) coexists with a deprotonated carboxyl group of
Asp91 ([D91–CγOO−]) (Fig. 2a), and another in which a neutral
imidazole ring of His503 ([H503–Nδ1]) coexists with a protonated
carboxyl group of Asp91 ([D91–CγOOH]) (Fig. 2b). Because the former
state corresponds to an ion pair, the polar H-bond networks that could
undergo rearrangements at room temperature are important in
Fig. 3. Potential energy and temperature evolution of the (a) [H503–Nδ1H+ and D91–CγOO−] protonation state of the reduced CcO system, (b) [H503–Nδ1 and D91–CγOOH] state of
the reduced CcO system, (c) [H503–Nδ1H+ and D91–CγOO−] state of the oxidized CcO system, and (d) [H503–Nδ1 and D91–CγOOH] state of the oxidized CcO system. The red line
shows instantaneous values of the quantities, and the green line represents their time-averaged values.
Table 1
Distances between His503 and the two nearby crystal water molecules in the reduced
and oxidized CcO models in the [H503–Nδ1H+ and D91–CγOO−] and [H503–Nδ1 and
D91–CγOOH] protonation states.
[H503–Nδ1H+ and
D91–CγOO−]
[H503–Nδ1 and
D91–CγOOH]
X-ray structure
Nδ1–H2O2080 (Red.) 3.03±0.23 Å 3.24±0.36 Å 3.20
Nε2–H2O2094 (Red.) 2.82±0.17 Å 2.91±0.12 Å 2.66
Nδ1–H2O2096 (Oxi.) 3.18±0.23 Å 3.05±0.18 Å 3.02
Nε2–H2O2078 (Oxi.) 3.13±0.28 Å 3.41±0.30 Å 3.37
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dynamics calculations to take into account the rearrangements of the H-
bond environments at 300 K.
Fig. 3a and b shows the potential energy evolution of the reduced
system in the two different protonation states: the [H503–Nδ1H+ and
D91–CγOO−] and [H503–Nδ1 and D91–CγOOH] protonation states.
The temperature evolution during the simulation is also shown in the
same ﬁgure. It can be seen in the ﬁgure that the system is thermally
equilibrated after spending ~0.5 ps in each case. Then, we calculated
the time average of the potential energy difference between the two
protonation states over ~1.5 ps production run. The calculated value
of bΔEN is about−5 kcal/mol, which indicates that the [H503–Nδ1H+
and D91–CγOO−] protonation state is energetically favored in the
production run. This suggests that His503 is involved in the proton
supply to the D-path and behaves as a proton acceptor.
A comparison of the fully oxidized bovine CcO X-ray structure with
the fully reduced one shows that the imidazole plane of His503 rotates
around its Cβ–Cγ bond by about 180° (Fig. 1). The torsion angle Cα–Cβ–
Cγ–Nδ1 of His503 in the reduced form is−52° [PDB ID: 2EIJ, 12], but it is
125° in the oxidized form [PDB ID: 2DYR, 13]. Thus, we expect that the
redox-coupled movement changes the local environment around
His503, and affects the energetics of its protonation states. To obtain
quantitative insight into this scenario, we evaluated the value of
bΔEN for the fully oxidized CcOmodel, which is shown in Fig. 2c and d.
Both of the potential energy and temperature evolution during the
simulation is shown in Fig. 3c and d. The calculated value ofbΔEN is
about +3 kcal/mol, which suggests that the [H503–Nδ1 andD91–CγOOH] protonation state is energetically favored in the oxidized
structure.
To elucidate the origin of the inversion in the energetics of the
His503 protonation states, we calculated the statistical distances be-
tween His503 and the two nearby crystal water molecules in the
reduced and oxidized CcO models in the [H503–Nδ1H+ and
D91–CγOO−] and [H503–Nδ1 and D91–CγOOH] protonation states
(Table 1). It is found in the table that the distances between His503
and the two nearby crystal water molecules in the oxidized state are
longer than those in the reduced state. This can be also seen in the
corresponding X-ray structures. These results suggest that a structural
difference between the reduced and oxidized states of the bovine CcO
leads to a signiﬁcant environmental change in the energetic balance of
the histidine protonation state.
Fig. 4.Minimal CcOmodel that has the full compensatory effect on the energetics of the (a) [H503–Nδ1H+ and D91–CγOO−] and (b) [H503–Nδ1 and D91–CγOOH] protonation states
of His503.
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and D91–CγOOH] protonation states are close in energy in the reduced
and oxidized CcO forms, which is a result of the compensatory effects of
the surrounding environments of His503 and Asp91 as shown in the
previous work [31]. Actually, it has been shown in the study that when
we evaluated the energetics for themodel consisting only of His503 and
Asp91, the [H503–Nδ1H+ and D91–CγOO−] protonation state turns out
to be highly unstable than the [H503–Nδ1 and D91–CγOOH] state with a
ΔE of +51 kcal/mol [31]. This provides a clear indication that the
surrounding environment of His503 and Asp91 is responsible for an
almost exact cancelation of this large energy difference. To obtain
further insight into this compensatory effect, we investigated which
components of the environment are necessary and sufﬁcient for the
compensation. For this purpose, we started from the His503 and Asp91
residues in the fully reduced CcO conﬁguration, and added amino acid
residues and crystal water molecules to the His503 and Asp91 sites stepFig. 5. Results of the metadynamics simulations of the minimal reduced CcOmodel in the [H
in the imidazole of His503 as a reaction coordinate. (a) The evolution of the reaction coordin
H2O2080 and the closest O in Asp91–CγOO−, and (c) the free-energy proﬁle.by step, to obtain themodelwhichprovides the similar energetics of the
two protonation states. We found that using the model shown in Fig. 4,
which will be referred to as the minimal model, provides the similar
value of the time-averaged potential energy difference as that of the full
system, i.e. bΔENminimal model=−3 kcal/mol (also see Fig. S1 in the
Supplementary data) [32]. This indicates that theminimalmodel has all
of the features needed to correctly reproduce the compensatory
environments of the His503 and Asp91 sites. As can be seen in Fig. 4,
theminimalmodel includes localH-bondingenvironments surrounding
the His503 and Asp91 sites. In addition, it contains one of the water
arrays surrounding the His503 residue. These results suggest that the
compensatory effect of the environment of the His503 and Asp91 sites
can be ascribed to the local interactions of His503 and Asp91 with their
surrounding polar residues.
Next, we discuss a correlation between the protonation states and
the redox-coupled rotation in His503. As stated above, the [H503–503–Nδ1H+ and D91–CγOO−] protonation state using the torsion angle, Cα–Cβ–Cγ–Nδ1,
ate, (b) the evolution of the Nδ1–H distance of His503 and the distance between the H of
Fig. 6. Representative conﬁgurations corresponding to the (a) initial and (b) ﬁnal states of the metadynamics simulations using the torsion angle, Cα–Cβ–Cγ–Nδ1, as the reaction
coordinate.
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[H503–Nδ1] state in the reduced conﬁguration of His503. After the
rotation of its imidazole ring, i.e., in the oxidized conformation, the
[H503–Nδ1] state becomes stable. Therefore, it is possible that a
transition between these two protonation states can be coupled with
the rotation of His503. To address this issue, we investigated the
reaction mechanisms of the His503 rotation via the metadynamics
approach [33]. In this calculation,we used theminimalmodel described
above (Fig. 4) to allow for enough phase-space sampling. The reduced
structure with the [H503–Nδ1H+ and D91–CγOO−] protonation state
was assumed to be the starting conformation. As a reaction coordinate,
we selected the torsion angle, Cα–Cβ–Cγ–Nδ1 in the imidazole ofHis503.Fig. 7. Results of the metadynamics simulations of the minimal reduced CcOmodel in the [H
reaction coordinate. (a) The evolution of the reaction coordinate and the distance between
angle, Cα–Cβ–Cγ–Nδ1, in the imidazole of His503, and (c) the free-energy proﬁle.The calculation results are shown in Fig. 5. From the evolution of the
reaction coordinate (Fig. 5a), it can be seen that the system explores a
basin of the free-energy landscape with the ﬂuctuation of the reaction
coordinate in the early stages of the simulation (until ~200th meta-
step).When the system escapes from this basin, it undergoes a rotation
of the imidazole ring, which is represented in the reaction coordinate
evolution as a jump from the 300th meta-step to the end of the
simulation (Fig. 5a). The representative conﬁgurations that correspond
to the initial and ﬁnal states are shown in Fig. 6. Note, a local proton
transfer from His503 to Asp91 was observed just before the rotation.
This can be seen in Fig. 5b from the evolution of the Nδ1–H distance of
His503 and the distance between the H of H2O2080 and the closest O in503–Nδ1H+ and D91–CγOO−] protonation state using the Nδ1–H distance in His503 as a
the H of H2O2080 and the closest O in Asp91–CγOO−, (b) the evolution of the torsion
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of the proton transfer from His503 to the nearby H2O2080 water
molecule in concert with the proton transfer from H2O2080 to Asp91
(around the 208thmeta-step). This proton transfer reaction leads to the
transition from the [H503–Nδ1H+ and D91–CγOO−] protonation state
to the [H503–Nδ1 and D91–CγOOH] state. These results suggest that
there is a proton-transfer-coupled rotation in theHis503 residue, which
leads to the transition between these two different protonation states.
We note that we used the presentmetadynamics simulationsmainly to
ﬁnd the lowest free-energy saddle-point from the local minimum,
which corresponds to the initial state (before rotation of His503), to the
ﬁnal states (after rotation). For this purpose, the calculations should be
stoppedas soonas the systemexits fromthe initialminimum,aspointed
out in previous work [34]. Nevertheless, the free-energy required to
escape the minimum provides a reasonable value, about 8 kcal/mol
(Fig. 5c). Namely, bΔEN in the full reduced CcO form is about−5 kcal/
mol as shown above. The typical energy barrier of a proton transfer
reaction is about 5 kcal/mol. Hence, the activation energy is estimated to
be ~10 kcal/mol.
In general, ﬁnding proper reaction coordinates is one of the most
challenging issues in free-energy calculations [35]. Therefore, as a
further check, we performed the same type of the metadynamics
simulation with a different reaction coordinate. We used the Nδ1–H
distance in the imidazole of His503 as the reaction coordinate, instead
of the torsion angle, Cα–Cβ–Cγ–Nδ1. This reaction coordinate accounts
for the proton transfer from His503 to the nearby H2O2080 water
molecule. The results are shown in Fig. 7. It can be seen in Fig. 7a that
the concerted proton transfer among the His503, H2O2080, and Asp91
sites takes place around the 95th meta-step, and leads to the
formation of the [H503–Nδ1 and D91–CγOOH] protonation state.
Also, in this case, the imidazole ring of His503 rotates (Fig. 7b). The
ﬁnal conﬁguration was found to be similar to that identiﬁed by theFig. 8. A possible scheme forﬁrst metadynamics simulations. The free-energy required to escape
the initial minimum is about 7 kcal/mol (Fig. 7c), which is comparable
with that of the ﬁrst case. These results suggest that the proton
transfer from His503 to Asp91 could be coupled with the rotation in
His503.
This study suggests that the redox-controlled proton-transfer-
coupled rotation of His503 is a key process for an effective proton
supply to the D-path from bulk water (Fig. 8). In the reduced state,
both of the Nδ1 and Nε2 atoms of His503 are protonated, while the
carboxyl side chain of Asp91 is deprotonated (Fig. 8a). This
protonation state is stabilized locally by the nearby crystal water
molecules and polar amino acid residues, which are arranged in the
entrance of the D-path in CcO X-ray structure. Upon oxidation of the
enzyme, the imidazole plane of His503 is rotated as coupled with the
proton transfer from Nδ1 of His503 to COO− of Asp91 (Fig. 8b). This is
a result of H-bonding rearrangements around His503. We note that
the coupling of the proton transfer with the imidazole rotation is
suited to blocking a back proton transfer from Asp91 to His503,
because in the oxidized state the deprotonated Nδ1 atom of His503 is
exposed to bulk water and there are no H-bond networks from Asp91
to Nδ1. This exposed conﬁguration of His503 allows for the coming of
the next proton to the Nδ1 atom of His503 (Fig. 8c). On reduction,
Asp91 releases protons that transfer to the O2 reduction site via the
D-path (Fig. 8d). After this deprotonatin of Asp91, the His503
imidazole plane rotates, which leads to the rearrangements of the
H-bond environment of His503 (Fig. 8a).
4. Conclusions
We have investigated the His503 site located at the entrance of the
D-pathway in the bovine CcO using ﬁrst-principles molecular
dynamics simulations based on DFT. We have found that protonatedproton supply by His503.
1335K. Kamiya, Y. Shigeta / Biochimica et Biophysica Acta 1807 (2011) 1328–1335His503 [H503–Nδ1H+] in conjunction with deprotonated Asp91
[D91–CγOO−] is energetically favorable in the reduced CcO model.
Also, the time-averaged potential energy difference between the
[H503–Nδ1H+ and D91–CγOO−] and [H503–Nδ1 and D91–CγOOH]
protonation states is about−5 kcal/mol. The local environment of the
His503 and Asp91 residues was found to have compensatory effects
on the energetics. In the oxidized CcO model, the [H503–Nδ1H+ and
D91–CγOO−] protonation state is energetically unstable, about
+3 kcal/mol higher in energy. Our calculations have also shown
that there is a proton-transfer-coupled rotation in the His503 residue,
which leads to the transition between the two different protonation
states. This study suggests that His503 is involved in the proton
supply to the D-path as a proton acceptor and that the redox-
controlled proton-transfer-coupled rotation of His503 is a key process
for an effective proton supply to the D-path from water bulk.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbabio.2011.03.015.
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